Chlamydiae lack the conserved central coordinator protein of cell division FtsZ, a 10 tubulin-like homolog. Current evidence indicates Chlamydia uses the actin-like homolog, 11 MreB, to substitute for the role of FtsZ. Interestingly, we observed MreB as a ring at the 12 septum in dividing cells of Chlamydia. We hypothesize that MreB, to substitute for FtsZ in 13 Chlamydia, must possess unique properties compared to canonical MreB orthologs. 14 Sequence differences between chlamydial MreB and orthologs in other bacteria revealed that 15 chlamydial MreB possesses an extended N-terminal region and the conserved amphipathic 16 helix found in other bacterial MreBs. The extended N-terminal region was sufficient to 17 restore the localization of a truncated E. coli MreB mutant lacking its amphipathic helix to 18 the membrane and was crucial for interactions with cell division components RodZ and FtsK, 19 though the region was not required for homotypic interactions. Importantly, the N-terminal 20 region was sufficient to direct GFP to the membrane when expressed in Chlamydia. A mutant 21 N-terminal region with reduced amphipathicity was unable to perform these functions. From 22 these data, the extended N-terminal region of chlamydial MreB is critical for localization and 23 interactions of this protein. Our data provide mechanistic support for chlamydial MreB to 24 serve as a substitute for FtsZ. 25 Word Count: 200/200 26 27 28 29 30 31 Importance 32
Introduction
Bacteria within the genus Chlamydia are obligate intracellular pathogens that cause diverse diseases in humans and animals. These Gram-negative cocci differentiate between cells begin to adopt a rod shape, consistent with other reports (14, 18, 19) . When chlamydial 144 MreB was induced, the morphology of P2733 was unchanged compared to uninduced or 145 empty vector controls, indicating that chlamydial MreB does not complement the mreB-146 deficient mutant of E. coli (Suppl. Fig. 3C ). To determine whether the inability of chlamydial 147 MreB to complement was due to its extended N-terminal region, we performed the same 148 experiment with ΔN22 chlamydial MreB, which more closely resembles E. coli MreB in size 149 and characteristics at the N-terminus. We observed that ΔN22 chlamydial MreB also does not 150 complement the mreB deficient E. coli, suggesting that the extended N-terminal region is not 151 the only reason for the failure to complement (Suppl. Fig. 3D see also Discussion). 152 Chlamydial MreB expression was confirmed in these experiments by western blotting (Suppl. 153 Fig. 3E ).
154
The amphipathic helix, but not the extended N-terminal region, of chlamydial MreB is 155 sufficient to direct GFP to the membrane in E. coli. We hypothesized that, because of their 156 amphipathicity, the unique sequence elements at the N-terminus of chlamydial MreB could 157 direct the membrane localization of MreB (Fig. 1) . To test this, we performed a series of 158 localization studies in E. coli using the N-terminal regions of chlamydial MreB (CtrMreB) 159 fused to GFP. A similar strategy was used to demonstrate that two copies of the amphipathic 160 helix of E. coli MreB (EcMreB) were sufficient to direct GFP to the membrane(9). We made 161 various fusions in which either one or two copies of portions of the N-terminal region of 162 chlamydial MreB were fused to GFP (illustrated in Fig. 3A ). We then observed the 163 localization of these proteins in both wild-type (MG1655) and MreB-deficient (P2733) E. 164 coli ( Fig. 3B and Suppl. Fig. 4 ). We observed that a single copy of aa1-32 (MreB 1-32 ), 165 encoding all high A-score residues, was sufficient to direct GFP to the membrane. 166 Interestingly, aa1-28 (MreB 1-28 ), encoding both the predicted amphipathic helix and the 167 extended N-terminus, was also sufficient to direct GFP to the membrane, but, in wild-type 168 cells, its localization was primarily restricted to the poles (Fig. 3C) . Consistent with what has 169 been observed in E. coli, two copies of aa23-32 (MreB 23-32 ), encoding the predicted 170 amphipathic helix, directed GFP to the membrane. Contrary to our prediction, one or two 171 copies of aa1-23 (MreB 1-23 ) was not able to direct GFP to the membrane even though the 172 region has a high A-score ( Fig. 2B ). 
184
Importantly, the aa1-23_GFP and aa1-28_GFP localization profiles were distinct 185 from full-length MreB (Fig. 1 Fig. 5 ). Based on these data, we conclude that the membrane localization of 196 the GFP fusion proteins is caused by the amphipathic nature of the N-terminus and not its 197 interaction with endogenous MreB.
198
The N-terminal region of MreB from C. trachomatis has two leucine residues (L13 199 and L22) encoded by TTG. As bacteria can use UUG and GUG as alternative start codons Fig. 6 ). Based on these data, we conclude that it is unlikely the MreB of C. 205 trachomatis bypasses the predicted AUG start codon in favor of downstream alternative start 206 codons.
207
To further examine whether the membrane localization of aa1-23_GFP and aa1-208 28_GFP were dependent on their amphipathicity, we created the mutations L7K, L22R, and 209 F25K. These mutations were predicted to diminish the amphipathicity of this region ( MreB is a well characterized rod-shape determining protein, which is conserved in 237 most bacilli(18). When the mreB gene is deleted, the cell shape is changed from bacillus to 
256
Since Chlamydia lacks the conserved cell division organizing protein FtsZ, we have 257 hypothesized and presented evidence that MreB is a functional substitute for FtsZ(6-8, 22).
258
However, this raises the intriguing question of how MreB, which is highly conserved 259 between Chlamydia and phylogenetically unrelated bacteria, can serve as the divisome 260 organizer. Interestingly, when MreB is reintroduced into MreB-depleted cells in B. subtilis, a 261 budding shape is observed that is enriched in MreB(29). This eventually leads to recruitment 262 of cell wall machinery and formation of a rod-shape. However, in Chlamydia, which also 263 undergoes a budding-like polarized division, this process is spatially restricted, thus what 264 prevents Chlamydia from continuing to synthesize PG to produce a rod shape? One 265 hypothesis is that chlamydial MreB exhibits a restricted distribution that is at least in part 266 dependent upon its unique structural features, and we have shown here that the unique N-267 terminal region of chlamydial MreB can facilitate the membrane association of this 268 cytoskeletal protein.
269
Initiating this study, our goal was to capture MreB localization at high resolution and 270 at early stages of division since it becomes more difficult to resolve individual organisms 271 within the inclusion as RBs multiply. However, we were unable to detect endogenous MreB 272 using the previously reported antibody (13). We, therefore, took advantage of genetic tools 273 that have been recently developed for Chlamydia to transform this bacterium with a plasmid 274 construct encoding an inducible MreB_6xH. Using this strategy, we detected MreB_6xH 275 localized at the division septum during the polarized division of the first RB. More 276 interestingly, MreB formed a ring at the septum in the dividing cell that resembled the FtsZ-277 ring at the septum of E. coli (Fig.1) . The septal MreB ring is very similar to the PG ring 278 previously observed in Chlamydia(5). We speculate that the MreB puncta previously 279 observed may be due to the low affinity of the MreB antibody as we were also unable to 280 detect MreB at later stages during infection using this reagent. However, we also observed 281 areas along the MreB-ring of more intense staining ( Fig. 1 arrowhead) . These regions may be (31)), but Chlamydia are coccoid with its membrane displaying curvature similar to the 296 poles of bacilli. Therefore, we hypothesized that the additional residues at the N-terminus of 297 chlamydial MreB may allow it to associate more efficiently with membranes that exhibit 298 curvature. In addition, these residues may be critical for establishing polarity in this organism 299 as we previously observed that inhibiting MreB activity with A22 or MP265 not only blocks 300 cell division but also depolarizes the RB(7, 8).
301
The amphipathic helix of canonical Gram-negative MreB homologs is critical for the 302 association of MreB with membranes. This was demonstrated by two means: expressing two 303 copies of the helix in tandem fused to the N-terminus of GFP and deleting the helix from 304 MreB and assessing its localization(9). In the former, GFP was directed to the inner 305 membrane(9). In the latter, MreB is no longer localized as membrane patches but rather as 306 cytosolic aggregates in E. coli(9). Using the former approach, we observed that two copies, 307 but not one copy, of the chlamydial amphipathic helix were sufficient to direct MreB to the 308 membrane, consistent with what has been observed in E. coli (Fig. 4B ). However, the 309 additional N-terminal region of chlamydial MreB (aa1-23) together with a single copy of the 310 conserved amphipathic region (aa24-28) directed GFP to the membrane. Intriguingly, the 311 membrane localization was restricted to the cell polar region but did not appear to be an 312 inclusion body since in an mreB-deficient mutant E. coli, which has a spherical morphology, 313 the peptide fluorescence was more uniformly distributed in the membrane (Suppl. Fig. 4 ).
Whether this region recognizes specific lipid moieties that directs its polar localization is 315 under investigation. 316 We conclude that the additional N-terminal region of chlamydial MreB encodes a 317 membrane-targeting function. Indeed, this was supported by (i) the ability of this region to 318 direct GFP to the membrane when expressed in Chlamydia and (ii) the loss of GFP 319 membrane localization when the amphipathicity of the N-terminal region was disrupted by 320 mutagenesis. We excluded any possible effects of alternative start codons encoded by leucine 321 residues by replicating our results using the N-terminus of C. suis, which does not encode 322 any UUG codons for leucine in this region. We propose that chlamydial MreB, with both its 323 extended N-terminus and amphipathic helix, may be more tightly associated with membranes 324 and is critical for it to form ring structures associated with regions of high membrane 325 curvature.
326
As Chlamydia is an obligate intracellular bacterium, it is time-consuming and 327 difficult to genetically modify its genes in a targeted manner, and there is a high failure rate 328 in doing so. Ideally, we would create a conditional knockout such that we could express 329 truncated mutants of chlamydial MreB in the absence of the chromosomal full-length copy. 330 We did attempt to localize truncation mutants of MreB in Chlamydia, but only the mutant 331 lacking all predicted amphipathicity showed reduced membrane localization (Suppl. Fig. 7) .
332
Not surprisingly, we detected interactions between the MreB truncations and the full-length 333 MreB, thus one interpretation is that the truncations, when expressed in Chlamydia, 334 interacted with full-length MreB (Fig. 6) , which is itself at the membrane. Furthermore, the restricting FtsZ to division septa during binary fission? In this study, we performed the first 347 systematic investigation of chlamydial MreB and its function as a cell division coordinator. 348 Our data suggest that chlamydial MreB has multiple membrane-associating domains that 349 may promote its assembly at the septum. This in turn may allow it to functionally substitute 350 for the role of FtsZ in organizing the division septum. The plasmids and primers used in this study are described in Supplemental Table 1 . The wild- 
